Introduction {#cesec10}
============

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease of upper and lower motor neurons. Cognitive impairment occurs in up to 50% of cases, and one in seven patients develops frank frontotemporal dementia (FTD).[@bib1] The existence of families with pure ALS, pure FTD, and ALS with co-morbid FTD (ALS-FTD) has been long recognised.[@bib2] A combination of clinical, neuroimaging, and neuropathological data suggest that ALS and FTD might form part of a disease continuum, with pure ALS at one extreme and pure FTD at the other. Detailed genetic studies including conventional linkage[@bib2] and genome-wide association studies of families with ALS and FTD have identified a reproducible locus on chromosome 9p21,[@bib3; @bib4; @bib5] and a disease-segregating expanded hexanucleotide repeat in the *C9orf72* gene in that locus accounts for up to 60% of familial ALS and up to 10% of sporadic ALS.[@bib6; @bib7] Preliminary data suggest that hexanucleotide expansions of more than 23 are pathological, although further population-based control studies are warranted.[@bib6] Detailed phenotyping of patients with this pathological expansion has yet to be reported.

In this study, we characterised the clinical features, demographics, survival, neurocognitive profile, family history, and neuroimaging findings in a population-based cohort of Irish patients carrying the *C9orf72* hexanucleotide repeat expansion.

Methods {#cesec20}
=======

Participants and study design {#cesec30}
-----------------------------

A population-based register of patients with ALS has been in operation in Ireland since 1995,[@bib8; @bib9] and an associated bank of DNA extracted from venous leucocytes has been in place since 1999. 435 representative samples were selected for screening from the DNA bank on the basis of the following criteria: Irish origin; both incident and prevalent cases; sufficiently high-quality and quantity to permit subsequent Southern blotting; and proportionate representation of the familial and sporadic ALS contained in the DNA bank. 188 age-matched, sex-matched, and geographically matched controls were specifically selected through the patients\' primary care provider for this study.

Of these 435 samples, 191 belonged to population-based incident patients diagnosed with ALS from November, 2006, to May, 2011, who were selected through the ALS register and enrolled in a prospective longitudinal case-control study of cognitive and behavioural function ([webappendix p 2](#sec1){ref-type="sec"}).[@bib1; @bib10] Detailed longitudinal clinical, neurocognitive, and behavioural data, structural MRI, and survival data have been gathered on this cohort, and DNA has been banked for genomic analysis. Patient enrolment to the ALS register was achieved by direct referral by all neurologists and neurophysiologists practising in Ireland and by close and regular interaction with community-based primary-care and disability services. For inclusion in the register, extensive confirmatory measures such as clinical examination by a specialist, direct chart review, and assessment by a neurophysiologist are required. Clinical progression was tracked by regular telephone contact between the register coordinator, health-care professionals, patients, and carers, and by home visits by members of the Beaumont Hospital ALS research group run by OH. Further details of enrolment to the Irish register are published elsewhere.[@bib8; @bib9]

Ethics approval for all aspects of the study was obtained from Beaumont Hospital Research Ethics Committee. For patients unable to provide full informed written consent, a protocol of assent was used.

Procedures {#cesec40}
----------

DNA samples were screened with repeat-primed PCR for the presence of a GGGGCC hexanucleotide repeat expansion in *C9orf72*. PCR products were analysed on an Applied Biosystems (Foster City, CA, USA) 3130xl genetic analyser and visualised using GeneMapper software (version 4.0). Patients with the characteristic appearance of the expanded hexanucleotide repeat on repeat-primed PCR, consisting of a decaying series of more than 23 peaks, were classed as having the expansion; this cutoff was chosen because DeJesus-Hernandez and colleagues[@bib6] reported no more than 23 repeats in healthy individuals. The PCR assay was validated using Southern blotting in samples from 12 unrelated individuals who carry the *C9orf72* expansion but were not included in our main analyses. Insertions between 9·3 Kb and 16·8 Kb were detected, confirming that the assay identifies the expansion. Southern blotting was also used on non-pathological repeat expansions to quantify the size in a validation process.

For screening of known mutations, target-enriched sequencing libraries were prepared from genomic DNA with standard protocols (Agilent SureSelect, Santa Clare, CA, USA) and sequenced on an Illumina Genome Analyzer II (San Diego, CA, USA). Sequence data were aligned and processed using BWA (version 0.5.9), SAMtools (version 0.1.18), Picard (version 1.49), and GATK (version 1.3.14) to generate variant calls that were filtered to exclude dbSNP132 polymorphisms. For haplotype analyses, chromosome 9 single nucleotide polymorphisms (SNPs) were phased using BEAGLE (version 3.3.2).[@bib11]

Of the 191 patients who participated in the prospective longitudinal case-control study, cognitive and behavioural testing was done at 6-month intervals in patients\' homes. Exclusion criteria for the prospective longitudinal case-control study included a history of traumatic brain injury, learning disability, alcohol dependence, type 1 or uncontrolled type 2 diabetes mellitus, and serious active mental illness. A neuropsychological battery was used to assess cognitive domains, including executive function (Stroop, Brixton, Verbal Fluency, Category Fluency, Backwards Digit Span), memory function (Logical Memory, Rey Osterrith Figure Test Immediate, and Delayed, Visual Paired Associates, California Verbal Learning Test), language (Boston Naming Test), visuospatial domains (Rey Osterrith Figure Test Copy), and behaviour (Frontal Systems Behavior Scale).[@bib1; @bib10] Matched controls were recruited for comparative purposes. Controls for the neuropsychological arm of the study were recruited through a network of volunteers obtained via advertisement and through the patients\' primary care providers. Details of the methods and categorisation have been described previously.[@bib1; @bib10] Patients completed a validated family history questionnaire,[@bib12] and were subsequently contacted by telephone and interviewed. Family history was further corroborated by another relative. All reported deaths within each extended kindred were verified by death certification.

For those with a family history of neurodegeneration, a posthumous classification was made on the basis of all clinical details available including age of onset, rate of disease progression, and type of dementia. A family history of FTD was defined when a first-degree or second-degree relative had any of the following criteria: a clinical diagnosis of FTD while under the care of a neurologist or physician, confirmed by review of clinical notes; a clinical diagnosis of Pick\'s disease confirmed by death certification; and documentation of onset of dementia before the age of 65 years and with striking personality changes. Relatives with clinical features suggestive of Alzheimer\'s disease or multi-infarct dementia were not recorded as having FTD. Family history was classed as strong when three or more first-degree or second-degree relatives were affected in each pedigree.

3 T magnetic resonance grey-matter voxel-based morphometry analysis was done in ten patients with the repeat expansion and 30 without ([webappendix p 1](#sec1){ref-type="sec"}). The demographic details (age, disease duration, and clinical phenotype) of the two groups were matched. A study-specific template was created, to which the grey-matter images from each patient were non-linearly co-registered. A voxel-wise generalised linear model was used to test for differences between the groups using permutation-based non-parametric testing. A minimum cluster size of 800 μL was applied to the results of the analysis to show only significant regions of differences. Significance was set at p\<0·01 (voxel level) and corrected for multiple comparisons at p\<0·05 (family-wise error).[@bib13]

Statistical analysis {#cesec50}
--------------------

Demographic and clinical characteristics of the participants are reported as percentages for categorical variables and means (SD) and medians (IQR) for continuous variables. Comparisons were made with χ^2^, Fisher\'s exact, or two-sample *t* tests as appropriate. For group analysis, when the sample size was small, the p value was calculated with the Montecarlo method.[@bib14] When variables were normally distributed, a mean was reported. When variables were not normally distributed, a median was reported and non-parametric tests were used. Univariate ANCOVA was done to adjust for confounding factors. Spearman\'s rho test was used when assessing the degree of correlation strength between variables with a non-parametric distribution. Disease progression in patients who had undergone second neuropsychological assessments was calculated using the ALS functional rating scale[@bib15] by dividing the decline in functional scores by the time between the two assessments. Survival time was defined as time from diagnosis to death, co-varied for time from onset. Time from symptom onset to diagnosis was compared between groups to ensure lack of lead-time bias. Patients who were alive at the time of analysis were censored. Univariate assessment of the survival effect of categorical variables was done with Kaplain-Meier survival analysis and equality of outcome was assessed with the log-rank test. Cox proportional hazards method was used for multivariable survival analysis with backward elimination (Wald test), estimation of hazard ratio, and 95% CIs. Predictive modelling with direct logistic binary regression was used to ascertain predictive factors associated with patients testing positive for the repeat expansion. All tests were two-tailed and significance was set at p\<0·05. Statistical analyses were done using SPSS (version 18).

Role of the funding source {#cesec60}
--------------------------

The sponsors of the study had no role in study design, data collection, data analysis, data interpretation, or writing of the report. All authors had full access to all the data in the study and the corresponding author had final responsibility for the decision to submit for publication.

Results {#cesec70}
=======

Of 435 banked DNA samples derived from the Irish ALS Register, 39 (9%) had the characteristic appearance of a GGGGCC hexanucleotide expansion, consisting of a decaying series of more than 23 peaks on a PCR electropherogram, and were therefore classed as having the *C9orf72* repeat expansion. All samples from carriers of the expansion had 30 or more peaks that showed exponential decay, whereas the electropherograms of samples without the repeat expansion had 23 or fewer repeats and showed an abrupt cutoff. 20 (41%) of 49 patients with familial ALS and 19 (5%) of 386 with apparently sporadic ALS carried the expansion. No expansions above 23 repeats were noted in 188 healthy controls ([webappendix p 3](#sec1){ref-type="sec"}).

Of the 39 patients with the repeat expansion, 19 had previously been genotyped using Illumina 550k or 610k genome-wide SNP arrays (San Diego, CA, USA). Analysis of chromosome-9 SNPs showed that 16 of these patients carried the 20-SNP consensus haplotype reported by Mok and colleagues,[@bib16] whereas the remaining three carried a truncated 18-SNP version containing the T allele for rs1822723 at the telomeric end of the 20-SNP haplotype.

Phenotype data were available for 191 (44%) of the 435 samples from the DNA bank, comprising the population-based incident group recruited to participate in the longitudinal case-control study of cognition and behaviour in ALS.[@bib1; @bib10] Analysis of sequence data generated for *SOD1, TARDBP,* and *FUS* showed no known or potentially new pathogenic variants. 21 (11%) of the 191 patients in this cohort carried the *C9orf72* repeat expansion. In total, 18 of 21 patients with the repeat expansion had a verified first-degree or second-degree relative with either ALS (12 patients) or FTD (six patients). Of those who did not carry the *C9orf72* repeat (170 patients) only three (2%) described a family history of FTD (p\<0·0001).

Of the three remaining patients carrying an expanded repeat, who apparently had sporadic ALS, one had a strong family history of depressive illness with suicide, one had a family history of parkinsonism in two paternal siblings and unspecified dementia and mobility problems in a paternal grandmother, and one was unable to provide a family history because both parents had died prematurely. Construction of multiple generation pedigrees was possible in kindreds from 15 of 21 patients with the repeat expansion. A dominant inheritance pattern was apparent in all cases, although six of 15 exhibited a pattern of apparently incomplete penetrance in which obligate carriers survived into the eighth or ninth decade of life.

Age at disease onset and diagnosis was lower in patients with the repeat expansion than in those without, and time from symptom onset to diagnosis did not differ between those with the repeat expansion and those without (14·7 months for carriers *vs* 13·2 months for non-carriers; p=0·541; [table 1](#tbl1){ref-type="table"}). Sex, site of disease onset, and ALS functional rating score did not differ at first assessment between the two groups.

All 191 patients in the population-based incident cohort had previously undergone detailed neuropsychological testing and 186 (97%) had been classified into one of four cognitive categories:[@bib1] ALS-FTD, executive impairment, non-executive impairment, and normal cognition. Five (3%) of 191 patients were too unwell to complete the full cognitive battery and were therefore not classified according to cognitive criteria. However, behavioural data were available from all five, and these data were included in the analysis. Of the 186 patients who completed full cognitive testing at the time of first assessment, 91 (49%) underwent further testing after 6 months and 34 (18%) had a third assessment 1 year after initial assessment. Detailed behavioural data from the Frontal Systems Behavioural Scale were available for 130 (68%) of 191 patients.[@bib17]

*C9orf72* repeat expansion carriers exhibited a characteristic profile, with a significantly higher frequency of co-morbid FTD (50% *vs* 12%) in the group with the expanded repeat ([table 2](#tbl2){ref-type="table"}). In a univariate ANCOVA analysis comparing performance on executive tasks (category fluency, verbal fluency index, Brixton spatial anticipation task, Stroop interference task, and backward digit span tests) between patients with the repeat expansion and those without, after adjustment for differences in age at time of assessment, patients with the repeat expansion had significantly more impairment according to the Brixton scaled score than did those without the repeat ([table 3](#tbl3){ref-type="table"}).

Further analysis of the subgroup of patients with ALS-FTD (30 patients) showed that a third of patients carried the repeat expansion ([table 4](#tbl4){ref-type="table"}). Patients with ALS-FTD and a repeat expansion were significantly younger when symptoms of ALS appeared. Other differences noted in patients with ALS-FTD carrying the repeat expansion included increased rate of spinal onset, predominance of behavioural variant FTD, and younger age at diagnosis, although these differences were not significant ([table 4](#tbl4){ref-type="table"}). The mean language score of patients with the *C9orf72* repeat on the Boston naming test was higher (20·1 \[SD 7·5\] carriers *vs* 13·5 \[8·9\] in non-carriers, p=0·043).

Of the patients who had been classified as having normal cognition in our previous report,[@bib1] patients with the repeat expansion exhibited a higher rate of behavioural impairment than did patients without the repeat expansion (four of six *vs* 11 of 50; p=0·038). Patients with the repeat expansion had significantly higher apathy scores (18·0 \[IQR 12·5--35·5\]; p=0·032) and dysexecutive behaviour (8·0 \[IQR 2·5--27·0\]; p=0·023; [webappendix p 1](#sec1){ref-type="sec"}).

Of the 21 patients with the repeat expansion, only two were classified as having neither cognitive impairment nor behavioural impairment at the time of their first assessment. Follow-up testing was not available for either patient; one patient had a strong family history of ALS and the other had a strong family history of FTD. None of the 63 patients who had previously been classed as behaviourally normal and had a negative family history had the repeat expansion.

Compared with patients without the repeat expansion (82 patients), those with the expansion (nine) had a significantly faster rate of motor progression according to total ALS functional rating scale (revised) scores (median decline of 1·54 \[1·07--2·08\] points per month in carriers *vs* 0·83 \[IQR 0·34--1·43\] points per month in non-carriers; p=0·009). The spinal subscore of the ALS functional rating scale showed that this difference was driven by a higher rate of decline in spinal function (median decline of 1·2 \[IQR 0·77--1·53\] points in carriers *vs* 0·5 \[0·17--0·83\] points per month in non-carriers; p=0·016).

Age-matched univariate analysis showed significantly shorter survival in patients with the repeat expansion (21 patients; median survival 20 months, 95% CI 8·9--31·1) than in patients without the expansion (170; 26 months, 21·1--30·9; p=0·017; [figure 1](#fig1){ref-type="fig"}). Presence of the repeat expansion generated a significant hazard ratio (1·9, 95% CI 1·1--3·7; p=0·035) on multivariable analysis after adjusting for age of symptom onset, sex, time from onset to diagnosis, and site of onset. Multivariable analysis of patients with ALS and behavioural variant FTD showed that the presence of the repeat expansion was associated with a hazard ratio of 3·7 (95% CI 1·1--12·3; p=0·034).

3 T magnetic resonance grey-matter voxel-based morphometry was assessed on a cohort of ten patients with ALS and the repeat expansion and 30 age-matched and disease-duration-matched patients with ALS without the repeat expansion ([webappendix p 1](#sec1){ref-type="sec"}). Significant differences in grey-matter atrophy were identified in the cohort with the repeat expansion in the following brain regions: right inferior frontal gyrus, right superior frontal gyrus, left anterior cingulated gyrus, and the right precentral gyrus ([figure 2](#fig2){ref-type="fig"}).

Predictive modelling determined which factors were associated with presence of a repeat expansion. Of the 191 patients for whom phenotypic data were available, 79 did not have complete behavioural data available from the first assessment and so 112 were included in the modelling analysis. The final model contained the following predictors associated with the presence of the repeat expansion in patients with ALS: a family history of FTD, yielding an odds ratio of 102·2 (95% CI 12·3--845·5; p\<0·0001); a family history of ALS (defined as at least one first-degree or second-degree relative with ALS) with an odds ratio of 30·8 (95% CI 6·8--138·5; p\<0·0001); and abnormal behaviour (behavioural impairment was defined as a t-score of 65 or more in at least two subscales of the Frontal System Behavioural Scale) at first assessment, which generated an odds ratio of 4·9 (95% CI 1·2--19·9; p=0·027).

A clinical screening algorithm ([figure 3](#fig3){ref-type="fig"}) was developed using the predictive factors that had been generated. The algorithm was then applied to the clinical cohort of patients, for whom data was available, to calculate the sensitivity and specificity of the screening method. If genetic testing was offered to all patients with a family history of ALS or FTD, and also to those patients without a family history but with behavioural impairment, and not to those with no family history of ALS or FTD and no behavioural impairment, the sensitivity of this screening algorithm was 100% (95% CI 0·85--1·00) and the specificity was 67% (95% CI 0·57--0·76). The high sensitivity of the screening algorithm is due to the fact that no patients with normal cognition and behaviour, who had a negative family history, had the repeat expansion (63 patients).

Discussion {#cesec80}
==========

We have shown that patients with ALS and the *C9orf72* hexanucleotide repeat expansion represent a recognisable subphenotype characterised by a lower age of onset, presence of cognitive and behavioural impairment, specific neuroimaging changes, a strong family history of neurodegeneration, and reduced survival. In our cohort, the repeat expansion was not present in patients who had sporadic ALS and no behavioural abnormalities. Our findings show that detailed phenotyping and careful characterisation within a population-based cohort can rapidly generate an algorithm that could potentially be clinically useful in the context of new genetic discoveries ([panel](#box1){ref-type="boxed-text"}).

All patients with the repeat expansion who had been genotyped carried a portion of the 20-SNP consensus haplotype reported by Mok and colleagues,[@bib16] confirming that the *C9orf72* hexanucleotide expansion in the Irish population is probably derived from the same founder as other European populations. Many recent discussions of ALS and FTD have suggested that these disorders form two ends of a disease spectrum.[@bib18] However, detailed cognitive assessment of our 191 population-based incident cases[@bib1; @bib10] suggests that patients with ALS are clinically heterogeneous, and can be divided into at least two broad categories: patients with pure sporadic ALS (no cognitive or behavioural impairment and no reported family history of ALS or FTD), and patients with a predominance of executive cognitive impairment and behavioural change. We have shown that a high proportion of the latter group carry the repeat expansion. Carriers had a younger age at disease onset, more rapid disease progression, and shorter survival than did non-carriers. This finding has important implications for stratification of patients in clinical trials; it has potential implications for drug efficacy, although our preliminary work has shown no difference in the survival effects of riluzole in patients with the expansion compared with those without (data not shown).

Patients with the repeat expansion also had substantial non-motor cortex changes on high-resolution 3 T structural MRI, and reduced grey-matter volume. These changes correlated with the extensive neuropsychological findings in patients with the repeat expansion, which included increased apathy, increased dysexecutive behaviour, and some evidence of worsened executive function, especially on the Stroop interference task, phonemic verbal fluency, and Brixton spatial anticipation task. Apathy has been consistently linked with the anterior cingulate gyri,[@bib19] as have the Stroop interference task and the verbal fluency task.[@bib20; @bib21] Behavioural change was also a prominent feature in patients with the repeat expansion. More extensive imaging and autopsy studies will be needed to characterise in detail the structural and neuropathological differences between patients with and without the repeat expansion. Nevertheless, the prominence of cognitive and behavioural impairment in patients with the *C9orf72* repeat expansion has implications in the development of clinical-care pathways and also for education and support of carers, because cognitive and behavioural changes affect patients\' ability to adhere to symptomatic treatments, including non-invasive ventilation, and can increase carer burden.[@bib22]

We have shown that a positive family history of ALS or FTD had the highest predictive values for the presence of the repeat expansion. This finding highlights the importance of an accurate and detailed family history. In our cohort, a small proportion of patients originally categorised as sporadic were subsequently shown to have familial ALS on the basis of extensive pedigree interrogation. Identification of FTD in preceding generations is challenging, as clinical recognition of the disorder is relatively recent.[@bib23] We sought to resolve this problem by detailed face-to-face semi-structured interviews with at least two family members, coupled with chart review and death certification, and applied stringent criteria for posthumous diagnosis of FTD. These findings have implications for the current operational definition of familial ALS.[@bib24] Although no consensus exists, most investigators judge familial ALS to include at least one first-degree or second-degree relative with ALS.[@bib25] Our data suggest that a family history of FTD should also be included in the revised definition of familial ALS.

Our detailed family studies suggest that ALS associated with the *C9orf72* repeat expansion is probably an autosomal dominant disorder with an expanded phenotype of neurodegeneration and variable penetrance. Patients with a negative family history of neurodegeneration, who have normal cognition and behaviour, are extremely unlikely to harbour the repeat expansion. Validation of the clinical screening algorithm will be necessary in a larger cohort.

Testing for the presence of the repeat expansion in the at-risk group (ie, patients with evidence of cognitive and behavioural impairment or a family history of neurodegenerative disease) outside of a research setting should be undertaken with caution. Diagnostic testing demands a high degree of certainty, and because of the extensive implications for both patients and their family members, stringent quality control is needed. At present, the precise cutoff for a pathogenic expanded number of repeats remains unclear, and variability exists in the maximum repeat number identified in control populations.[@bib6; @bib7; @bib26] Moreover, because the maximum size of the pathological expansions cannot be determined using repeat-primed PCR, formal diagnostics will require definitive validation using Southern blotting.

Whether presymptomatic family members should be offered testing is also unclear. Insufficient data are available to predict the probability that an asymptomatic person with the expansion will develop disease, nor can the likely phenotype be predicted. While presymptomatic testing would be valuable in a research setting, underpinned by strict ethical guidelines, a larger body of research will be required to sufficiently address important issues such as the degree of penetrance, the probability of an expansion from one generation to the next, and patterns of inheritance.

Our study is limited by the small size of the cohort with the repeat expansion, although the larger size of the unaffected cohort provides statistical power. Detailed studies of cognitive and family history are time consuming for both the investigator and the patient, and attrition rates are high in longitudinal studies. Nevertheless, our findings provide strong evidence that the *C9orf72* repeat expansion is almost exclusively autosomal dominant with variable penetrance, and is associated with a characteristic cognitive and behavioural phenotype and shorter survival. These findings will require verification both in larger cohorts and by detailed neuropsychological, imaging, and autopsy studies.[@bib27]

Our study is also limited by the use of repeat-primed PCR rather than Southern blotting. We have not presented any data relating to maximum size of the pathological expansion because of the limited ability of reverse prime-PCR to accurately assess size beyond 60 repeats. Further studies correlating the size of the expansion with clinical phenotype are needed. Also, although we have shown evidence of incomplete disease penetrance, generation of an accurate estimate of the penetrance of the pathological variant has not been possible, because we do not have data relating to the *C9orf72* status of unaffected family members. Further studies of larger kindreds, supported by genotyping, will be required to calculate the true penetrance of this variant.

Web Extra Material {#sec1}
==================
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![Kaplan-Meier survival probabilities for patients with amyotrophic lateral sclerosis stratified for the presence of the *C9orf72* hexanucleotide repeat expansion\
Kaplan-Meier survival probabilities for all patients with amyotrophic lateral sclerosis (ALS) in the population-based cohort (191 patients; A), and for the subgroup of patients with behavioural variant frontotemporal dementia (25 patients; B).](gr1){#fig1}

![Voxel-based morphometry analysis\
Clusters of significant grey-matter atrophy in a cohort of ten patients with amyotrophic lateral sclerosis (ALS) and the pathological expanded *C9orf72* hexanucleotide repeat compared with 30 matched patients with ALS without the repeat expansion. The four columns show the four clusters (from left to right: in the right inferior frontal gyrus, right superior frontal gyrus, left anterior cingulate gyrus, and the right precentral gyrus) in the three main radiological planes in each row (top to bottom: axial, coronal, saggital). R=right hemisphere. L=left hemisphere.](gr2){#fig2}

![Screening algorithm\
Numbers are numbers of patients from our population-based incident cohort. ALS=amyotrophic lateral sclerosis. FTD=frontotemporal dementia.](gr3){#fig3}

###### 

Demographic and clinical information for patients with amyotrophic lateral sclerosis from the population-based cohort

                                                                            **Patients without the *C9orf72* repeat expansion (n=170)**   **Patients with the *C9orf72* repeat expansion (n=21)**   **p value**
  ------------------------------------------------------------ ------------ ------------------------------------------------------------- --------------------------------------------------------- -------------
  Age at onset (years)                                                                                                                                                                              
                                                               Mean         61·3 (10·6)                                                   56·3 (8·3)                                                0·043
                                                               Median       61·9 (56·4--67·9)                                             57·5 (50·5--63·5)                                         0·019
  Age at diagnosis (years)                                                                                                                                                                          
                                                               Mean         62·5 (10·6)                                                   57·5 (8·1)                                                0·041
                                                               Median       62·8 (57·1--69·1)                                             59·6 (51·9--64·2)                                         0·015
  Site of onset                                                                                                                                                                                     
                                                               Bulbar       57 (34%)                                                      7 (33%)                                                   0·822
                                                               Spinal       113 (66%)                                                     14 (67%)                                                  ..
  Sex                                                                                                                                                                                               
                                                               Male         101 (59%)                                                     10 (48%)                                                  0·353
                                                               Female       69 (41%)                                                      11 (53%)                                                  ..
  Mean ALS functional rating scale score at first assessment   36·4 (8·1)   33·8 (6·7)                                                    0·181                                                     

Data are mean (SD), median (IQR), or number (%).

###### 

Cognitive categories according to neuropsychological test results

                                       **Patients without the *C9orf72* repeat expansion (n=166)**   **Patients with the *C9orf72* repeat expansion (n=20)**
  ------------------------------------ ------------------------------------------------------------- ---------------------------------------------------------
  ALS-FTD                              20 (12%)                                                      10 (50%)
  Executive impairment                 46 (28%)                                                      4 (20%)
  Non-executive cognitive impairment   27 (16%)                                                      0 (0%)
  Normal                               73 (44%)                                                      6 (30%)

Significance of group analysis, p=0·0002. ALS-FTD=amyotrophic lateral sclerosis with co-morbid frontotemporal dementia.

###### 

Executive function test results

                                                                                                                  **Patients without the *C9orf72* repeat expansion**   **Patients with the *C9orf72* repeat expansion**   **p value**
  ----------------------------------------------------------------- --------------------------------------------- ----------------------------------------------------- -------------------------------------------------- -------------
  Category fluency[\*](#tbl3fn1){ref-type="table-fn"}               16·5 (7·9; 126)                               15·1 (7·9; 14)                                        0·100                                              
  Combined verbal fluency index[†](#tbl3fn2){ref-type="table-fn"}   13·8 (7·7--27·0; 149)                         17·8 (11·3--48·7; 19)                                 0·056                                              
  Brixton scaled score[\*](#tbl3fn1){ref-type="table-fn"}           5·1 (2·3; 154)                                4·6 (2·8; 19)                                         0·043                                              
  Stroop score                                                                                                                                                                                                             
                                                                    CW score[\*](#tbl3fn1){ref-type="table-fn"}   69·3 (33·3; 119)                                      60·3 (32·5; 14)                                    0·067
                                                                    SEF score[†](#tbl3fn2){ref-type="table-fn"}   37·1 (25·9; 119)                                      44·5 (25·6; 14)                                    0·054
  Backward digit span[\*](#tbl3fn1){ref-type="table-fn"}            10·6 (3·5; 117)                               9·7 (3·7; 12)                                         0·221                                              

Data are mean (SD; number of patients) or median (IQR; number of patients). CW=Colour-Word score for the Stroop test. SEF=Stroop Executive Factor.

Low score is worse.

High score is worse.

###### 

Demographic and clinical information for patients with amyotrophic lateral sclerosis with co-morbid frontotemporal dementia

                                        **Patients without the *C9orf72* repeat expansion (n=20)**   **Patients with the *C9orf72* repeat expansion (n=10)**   **p value**
  ------------------------------------- ------------------------------------------------------------ --------------------------------------------------------- -------------
  **Age at onset (years)**                                                                                                                                     
  Mean                                  64·8 (9·5)                                                   57·4 (8·1)                                                0·045
  Median                                65·6 (56·7--72·5)                                            58·2 (55·9--62·8)                                         0·100
  **Age at diagnosis (years)**                                                                                                                                 
  Mean                                  65·9 (9·7)                                                   58·7 (7·9)                                                0·053
  Median                                66·9 (57·5--74·2)                                            59·8 (56·9--63·9)                                         0·100
  **Site of onset**                                                                                                                                            
  Bulbar                                10 (50%)                                                     1 (10%)                                                   0·049
  Spinal                                10 (50%)                                                     9 (90%)                                                   ..
  **Sex**                                                                                                                                                      
  Male                                  13 (65%)                                                     7 (70%)                                                   1·000
  Female                                7 (35%)                                                      3 (30%)                                                   ..
  **Type of frontotemporal dementia**                                                                                                                          
  Behavioural                           15 (75%)                                                     10 (100%)                                                 0·143
  Language variant                      5 (25%)                                                      0 (0%)                                                    ..

Data are mean (SD), median (IQR), or number (%).

###### Research in Context

**Systematic review**

We searched PubMed for articles published between January, 1995, and January, 2012, with the search terms "chromosome 9" AND "FTD", "chromosome 9" AND "ALS", "chromosome 9" AND "ALS" AND "phenotype", "GWAS" AND "ALS", and "repeat expansion". We also searched in the reference lists of included papers.

**Interpretation**

Amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) are known to occur together in some kindreds, and recent work has identified an expanded hexanucleotide repeat in chromosome 9 that segregates with both ALS and FTD.[@bib2; @bib3; @bib4; @bib5] Our detailed analysis of a population-based incident cohort of patients with ALS has shown that the expanded hexanucleotide repeat in *C9orf72* is associated with a subphenotype characterised by a lower age of onset, the presence of cognitive and behavioural impairment, specific neuroimaging changes, a strong family history of neurodegeneration including pure FTD, and reduced survival. The definition of familial ALS will require amendment to include a family history of FTD. Expanded repeats were not present in patients with sporadic ALS, normal cognition, and a negative family history of neurodegeneration, suggesting that genetic testing for the *C9orf72* expansion in true sporadic cases of ALS with normal cognition and behaviour is not warranted.
